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In thisworkwe report on the synthesis, crystal structure, and physicochemical characterization of the novel dinuc-
lear [FeIIICdII(L)(μ-OAc)2]ClO4·0.5H2O (1) complex containing the unsymmetrical ligand H2L=2-bis[{(2-pyridyl-
methyl)-aminomethyl}-6-{(2-hydroxy-benzyl)-(2-pyridyl-methyl)}-aminomethyl]-4-methylphenol. Also, with
this ligand, the tetranuclear [Fe2
IIIHg2
II(L)2(OH)2](ClO4)2·2CH3OH (2) and [FeIIIHgII(L)(μ-CO3)FeIIIHgII(L)](ClO4)2·
H2O (3) complexes were synthesized and fully characterized. It is demonstrated that the precursor [FeIII2HgII2
(L)2(OH)2](ClO4)2·2CH3OH (2) can be converted to (3) by the ﬁxation of atmospheric CO2 since the crystal struc-
ture of the tetranuclear organometallic complex [FeIIIHgII(L)(μ-CO3)FeIIIHgII(L)](ClO4)2·H2O (3) with an unprece-
dented {FeIII(μ-Ophenoxo)2(μ-CO3)FeIII} core was obtained through X-ray crystallography. In the reaction 2→3 a
nucleophilic attack of a FeIII-bound hydroxo group on the CO2 molecule is proposed. In addition, it is also demon-
strated that complex (3) can regenerate complex (2) in aqueous/MeOH/NaOH solution. Magnetochemical studies
reveal that the FeIII centers in 3 are antiferromagnetically coupled (J=−7.2 cm−1) and that the FeIII–OR–FeIII
angle has no noticeable inﬂuence in the exchange coupling. Phosphatase-like activity studies in the hydrolysis
of the model substrate bis(2,4-dinitrophenyl) phosphate (2,4-bdnpp) by 1 and 2 show Michaelis–Menten
behavior with 1 being ~2.5 times more active than 2. In combination with kH/kD isotope effects, the kinetic
studies suggest a mechanism in which a terminal FeIII-bound hydroxide is the hydrolysis-initiating nucleo-
philic catalyst for 1 and 2. Based on the crystal structures of 1 and 3, it is assumed that the relatively long
FeIII…HgII distance could be responsible for the lower catalytic effectiveness of 2.
© 2011 Elsevier Inc. All rights reserved.
1. Introduction
Metalloenzymes containing dinuclear metal centers in their active
sites are well-characterized and encompass a wide range of biological
functions [1–3]. The design and development of suitable biomimetic
catalytic systems capable of mimicking the functional properties of
these macromolecules continues to be a challenge for bioinorganic
chemists.
Hydrolysis of phosphodiester bonds is a slow process at neutral
pH. For instance, the ﬁrst-order rate constants for the uncatalyzed hy-
drolysis of the DNA model substrates bis(4-nitrophenyl) phosphate
(bnpp) and bis(2,4-dinitrophenyl) phosphate (2,4-bdnpp) are, respec-
tively, 1.1×10−11 and 1.89×10−7 s−1, at pH=7.0 and 25 °C [4,5],
and the half-life of the phosphodiester bonds in DNA has been
estimated as 130,000 years under physiological conditions [6]. In addi-
tion, the ﬁrst-order constants for the single- and double-stranded
DNA hydrolysis are estimated as 6×10−9 and 6×10−10 min−1, respec-
tively [7]. The enzymes that naturally hydrolyze phosphodiester bonds
in DNA and RNA are called nucleases or phosphodiesterases. These bio-
molecules increase the catalysis rate of the hydrolytic cleavage of the
phosphodiesters bonds by a factor of 1012 if compared to the uncata-
lyzed reactions [8].
Although a great number of nucleases arewell known, the search for
low molecular weight molecules able to catalytically cleave phospho-
diester bonds and DNA has attracted much interest among scientists.
The elucidation of the cleavage mechanism, the role of metals in biologi-
cal systems, and the design of more effective synthetic hydrolases, as
well as the use of these new compounds as catalysts, conformational
probes, and synthetic restriction enzymes are the aim of study in the
present time [6].
Indeed, during the last 10 years we have successfully developed a
general method for the preparation of mixed-valence homo and
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heterodinuclear MIIIMII complexes, using bioinspired ligands [9–22],
and it has been demonstrated that most of these complexes are able
to hydrolyze the model substrate 2,4-bdnpp [5] and DNA phospho-
diester bonds.
On the other hand, the ﬁxation of atmospheric CO2 by metallo-
complexes has received a special interest from the environmental
protection viewpoint. Their application in the CO2 ﬁxation reaction
may lead to some practical means to reduce its greenhouse warming
effect. It is important to mention here that, while the greenhouse ef-
fect is a natural occurrence, too much warming has severe negative
impacts on agriculture, health and environment.
Carbonic anhydrase (CA), a mononuclear ZnII-containing metal-
loenzyme, is naturally able to catalyze the reversible hydration of car-
bon dioxide, which it does with one of the highest known turnover
numbers [23]. This reaction has also been reported for Co, Ni, Cu
and Zn model complexes [24–27].
Catalytic promiscuity, deﬁned as the ability of a single active site
to catalyze more than one chemical transformation, constitutes a
very important property of many enzymes, having a natural role in
evolution and, occasionally, in the biosynthesis of secondary metabo-
lites [28]. One interesting example of this feature is bovine carbonic
anhydrase II. It has been reported that this biomolecule exhibits phos-
photriesterase activity, in addition to its carbon esterase activity and
its physiological CO2 hydratase activity [29]. Recently, we have
reported a dinuclear CuII-containing complex that reveals catalytic
promiscuity (catecholase-like activity, expected for dinuclear CuII
complexes, but also phosphodiesterase-like activity in the hydrolysis
of 2,4-bdnpp and DNA itself), exhibiting, in this way, a broad spec-
trum of catalytic activities [30].
In this sense, we report here the synthesis, characterization and
phosphatase-like activity of a new [FeIIICdII(L)(μ-OAc)2]ClO4·0.5H2O
complex containing a single terminal phenolate bond with the un-
symmetrical ligand H2L (H2L=2-bis[{(2-pyridyl-methyl)-amino
methyl}-6-{(2-hydroxy-benzyl)-(2-pyridyl-methyl)}-aminomethyl]-
4-methylphenol) [19]. We also show that the precursor complex 2
([FeIII2HgII2(L)2(OH)2](ClO4)2·2CH3OH) is capable of converting at-
mospheric CO2 into CO32− in methanol:water solution (carbonic
anhydrase-like activity), demonstrated by the unprecedented crystal
structure of 3 [FeIIIHgII(L)(μ-CO3)FeIIIHgII(L)](ClO4)2·H2O, a tetranuc-
lear organometallic compound with a {FeIII(μ-Ophenoxo)2(μ-CO3)FeIII}
core.
2. Experimental
2.1. Materials, instrumentation and procedures
All reagents of high purity grade were purchased from commercial
sources and used as received. In the characterization of the complexes
and in the kinetics studies, spectroscopic grade solvents from Merck,
dried using molecular sieves were used. The ligand H2L (where L2− is
BPBPMP2−) was synthesized and characterized according to proce-
dures already described in the literature [19].
2.2. Physical measurements
Elemental analyses were performed on a CHNS Perkin-Elmer 2400
analyzer. The molar conductivities of complexes were evaluated in a
Schott-Geräte CG 853 conductivimeter at room temperature using a
1.0×10−3 M spectroscopic grade acetonitrile solution. The electro-
chemical behavior of complexes was investigated with a BAS-Epsilon
EC/2000 potentiostat. Cyclic voltammograms for 1 and 3 were
obtained at room temperature in acetonitrile solutions and for 2,
ethanol/water 70:30 v/v under argon atmosphere. The supporting
electrolytes were 0.1 M of n-Bu4NPF6 and LiClO4, respectively. The
electrochemical cell employed comprised three electrodes: platinum
for 1 and 3 and vitreous carbon for 2 (working), platinum wire
(auxiliary) and Ag/Ag+ (reference). The ferrocene (E0=400 mV vs.
NHE) and K3[(Fe(CN)6] (E0=358 mV vs. NHE) were used as the in-
ternal standards, respectively [31].
The temperature dependent DCmagnetization data were obtained
with a SQUID magnetometer (Quantum Design MPMS XL) on a poly-
crystalline sample of complex 3 in magnetic ﬁeld of 1000 Oe. The data
were corrected for the diamagnetic core contribution as deduced
with the use of Pascal's constants table [32].
The Mössbauer spectra of complex 3 were recorded at 298 and
115 K against a 57Co(Rh) source moving in constant acceleration
mode. Velocity calibration was carried out through the resonance
lines of metallic iron and isomer shifts were given relative to metallic
iron at room temperature.
Infrared spectra were collected on a Perkin-Elmer 1600 spectrometer
using KBr pellets in the range of 4000–450 cm−1. Electronic spectra of
complexes in the range 300–900 nm were recorded with a Perkin-
Elmer L19 spectrophotometer at room temperature with 1-cm-path-
length fused quartz cells. Spectroscopic-grade acetonitrile was used as
solvent. The spectra of the complexes in kinetic conditions were carried
out under the following conditions: MeCN/H2O (50% v/v); pH 6.5; aque-
ous MES buffer 0.1 M; ionic strength (LiClO4) 0.05 M; [complex]=
2.0×10−5 M. Values of ε are given in M−1 cm−1.
The protonation constants for complexes 1 and 2were investigated
with a Corning 350 pH meter ﬁtted with a glass-combined electrode
(Ag/AgCl) calibrated to read − log [H+] directly, designated as pH.
The experiment temperature was stabilized at 25.00±0.05 °C. Doubly
distilled water in the presence of KMnO4 was used to prepare acetoni-
trile/water (50:50 v/v) solutions. The electrode was calibrated using
the data obtained from a titration of a known volume of a standard
0.010 M HCl solution with a standard 0.100 M KOH solution. The ionic
strength was kept constant at 0.1 M by addition of KCl, and the solu-
tions, containing 0.05 mmol of complex, were titrated with 0.100 M
standard CO2-free KOH. Experiments were performed in 50.00 mL
water/ethanol solutions in a thermostatted cell, purged with argon
cleaned using two 0.1 M KOH solutions. The pKw of the mixture aceto-
nitrile/water 50/50 v/v containing 0.100 M KCl was 15.19 [33]. The ex-
periments were performed at least in triplicate and were all analyzed
using the BEST7 program [34]. The species diagrams were obtained
with SPE [34] and SPEPLOT [34] programs.
The phosphatase-like activity of 1 and 2 and towards the activated
phosphoric diester 2,4-bdnpp [5] and the monoester 2,4-dnpp [35]
was evaluated spectrophotometrically on a Varian Cary50 Bio spectro-
photometer, at 400 nm by the appearance of 2,4-dinitrophenylpheno-
late ion at 25 °C. The pH effect on the hydrolytic cleavage of 2,4-bdnpp
was monitored in the pH range from 3.5 to 11.0. Reactions were per-
formed using the following conditions: 1.5 mL freshly prepared aqueous
buffer solution ([buffer]ﬁnal 5.00×10−2 M), buffer: MES (pH 3.50 to
6.50), HEPES (pH 7.00 to 8.50), CHES (pH 9.00 to 10.00) and CAPS (pH
10.50 to 11.00) with controlled ionic strength (LiClO4) 0.10 M; 200 μL
of an acetonitrile complex solution ([C]ﬁnal=2.00×10−5 M) and
300 μL of acetonitrile were added to a 1-cm-path-length cell. The reac-
tion was initiated by the addition of 1000 μL of an acetonitrile substrate
solution ([2,4-bdnpp]ﬁnal=6.23×10−3 M) and monitored between 2
and 5% of reaction at 25 °C. The kinetic experiments under conditions
of excess substrate were performed as follows: 1.5 mL of freshly pre-
pared aqueous buffer MES solution (at pH 6.50), [buffer]ﬁnal=
5.00×10−2 M, 50 μL of an acetonitrile complex solution ([C]ﬁnal=
1.00×10−5 M), were added to a 1-cm-path-length cell. The reaction
was initiated with the addition of volumes from 25 μL to 700 μL of a
2,4-bdnpp solution ([2,4-bdnpp]ﬁnal=1.56×10−4 to 4.36×10−3 M).
Correction for the spontaneous hydrolysis of the 2,4-bdnpp was carried
out by direct difference using a reference cell under identical conditions
without adding the catalyst. The initial rate was obtained from the slope
of the absorbance vs. time plot over the ﬁrst 5 min of reaction. The con-
version of the reaction rate units was carried out using
ε=12,100 M−1 cm−1 for 2,4-dnp and the initial concentration of the
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complex [9,17]. A kinetic treatment using the Michaelis–Menten equa-
tion approachwas applied [36]. The deuterium isotopic effect on the hy-
drolytic process was evaluated following two reactions with identical
conditions (vide pH effect experiments) using MES buffer (pH or pD
6.50, previously prepared), and a 300 fold excess of substrate excess in
comparison to the complex concentration. The reactions were moni-
tored at 400 nm and 25 °C.
2.3. Synthesis of [FeIIICdII(L)(μ-OAc)2]ClO4·0.5H2O — 1
Complex 1was synthesized by the addition of a 10 mL aqueous so-
lution of Cd(NO3)2·4H2O (0.154 g, 0.5 mmol) into a methanolic solu-
tion of the H2L [19] ligand (0.273 g, 0.5 mmol), followed by a
dropwise addition of a methanolic solution of Fe(ClO4)3·9H2O
(0.258 g, 0.5 mmol). The mixture was maintained under magnetic
stirring, at 40 °C, for 20 min. Finally, 0.427 g (5.2 mmol) of NaOAc
and 0.122 g (1.0 mmol) of NaClO4 were added. The resulting purple
solution was ﬁltered and the ﬁltrate was left to stand at room tempera-
ture and, after 24 h, dark red crystals suitable for X-ray analysis were
isolated. Yield: 70% (0.328 g, 0.350 mmol). Analysis data for C38H40-
CdClFeN5O10.50, 938.45 g mol−1 calcd. (%): C 47.27; H 4.49; and N
7.25. Found (%): C 47.61; H 3.77; and N 7.25. Although the elemental
analysis value for “H” for complex 1 was somewhat unsatisfactory, the
crystal structure of this complex (Fig. 1) supports the formula. IR. (KBr
phase, cm−1): ν(C\Har) 3063, ν(C\Haliph) 2926–2841, νass(COO)
1582, νs(COO) 1417, ν(C\Oph) 1295, ν(ClO4) 1086, δ (C\Har) 762–
511. Molar conductivity: 136Ω−1 mol−1 cm2.
2.4. Synthesis of [FeIII2Hg
II
2(L)2(OH)2](ClO4)2·2CH3OH — 2
Complex 2 can be prepared analogously to 1 but using a CO2-free
sealed synthetic apparatus under argon atmosphere and using
Hg(NO3)2·H2O instead of Cd(NO3)2·4H2O. Thus, complex 2 was
synthesized by the addition of a 20 mL aqueous solution of Hg(NO3)2·
H2O (0.171 g, 0.5 mmol) into a methanolic solution of the H2L
[19] ligand (0.273 g, 0.5 mmol), followed by a dropwise addition
of a methanolic solution of Fe(ClO4)3·9H2O (0.258 g, 0.5 mmol).
The mixture was maintained under magnetic stirring, at 40 °C,
for 20 min. Finally, 1.5 mL of aqueous NaOH 1 M and 0.122 g
(1.0 mmol) of NaClO4 were added and the solution immediately
turned red. The solution was ﬁltered and several days after, a dark
reddish powder was obtained. Yield: 84% (0.390 g, 0.206 mmol).
Analysis for C70H76Cl2Fe2Hg2N10O16, FW=1895.19 g mol−1: calcd
(%): C 44.36; H 3.94; and N 7.39. Found (%): C 44.24; H 4.47; and N
6.99. IR (KBr phase, cm−1): ν(C\Har) 3060, ν(C\Haliph) 2900–
2860, ν(C_C) 1606–1450, ν(ClO4) 1090, δ (C\Har) 770, 620. Molar
conductivity: 209 Ω−1 mol−1 cm2.
2.5. Synthesis of [FeIIIHgII(L)(μ-CO3)FeIIIHgII(L)](ClO4)2·H2O — 3
Complex 3 can be prepared by both methodologies described for
complexes 1 or 2, but under air atmosphere. The ﬁrst synthetic path-
way revealed to be more efﬁcient since it resulted in higher yields of
pure product. Thus, complex 3 was synthesized by the addition of a
10 mL aqueous solution of Hg(NO3)2·H2O (0.171 g, 0.5 mmol) into a
methanolic solution of the H2L [19] ligand (0.273 g, 0.5 mmol), fol-
lowed by a dropwise addition of a methanolic solution of Fe
(ClO4)3·9H2O (0.258 g, 0.5 mmol). The mixture was maintained
under magnetic stirring, at 40 °C, for 20 min. Finally, 0.427 g
(5.2 mmol) of NaOAc and 0.122 g (1.0 mmol) of NaClO4 were added
and the solution immediately turned purple. After several hours, we
noticed that the solution started to change its color from purple to
deep blue and, 3 days later, deep blue crystals suitable for X-ray analysis
were isolated. Yield: 65% (0.609 g, 0.325 mmol). Analysis data for
C69H66Cl2Fe2Hg2N10O16, FW=1875.10 g mol−1: calcd(%): C
43.36; H 3.69; and N 7.47. Found (%): C 42.87; H 3.58; and N 7.33.
IR (KBr phase, cm−1): ν(C\Har) 3100, ν(C\Haliph) 2900–2834,
ν(C_C) 1606–1416, ν(C\Ocarbonate) 1569, 1261, ν(ClO4) 1090, δ
(C\Har) 622, 545. Molar conductivity: 254 Ω−1 mol−1 cm2.
Caution! Perchlorate salts of metal complexes are potentially ex-
plosive and therefore should be prepared in small quantities.
2.6. Crystallography
For complex 1, the intensity data were collected with an Enraf-
Nonius CAD4 diffractometer with graphite-monochromated Mo Kα
radiation, at room temperature. Cell parameters were determined
from 25 carefully centered reﬂections using a standard procedure
[37]. The intensities were collected using ω–2θ scan technique. All
data were corrected for Lorentz and polarization effects [38]. A
semi-empirical absorption correction based on the azimuthal scans
of 7 appropriate reﬂections was also applied to the collected intensi-
ties with the PLATON program [39]. The structure was solved by di-
rect methods and reﬁned by full-matrix least-squares methods
Fig. 1. Ortep plot of the cation complex in 1. Ellipsoids are shown at 40% probability level.
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using SIR97 [40] and SHELXL97 [41] programs, respectively. The per-
chlorate anion is disordered showing two alternative positions for all
oxygen atoms. Water solvate was reﬁned with an occupation of 0.5
and its H atoms were not located. Disordered oxygen atoms were re-
ﬁned isotropically, whereas other non-H atoms were reﬁned with an-
isotropic displacement parameters. Hydrogen atoms of the ligand
were included in the atoms list using standard geometric criteria.
A fragment with dimension of 0.23×0.20×0.11 mm3 of complex
3 was selected from a crystalline sample. X-ray diffraction data
were measured on a Kappa-CCD diffractometer at room temperature.
Cell parameters were reﬁned using all reﬂections. Data collection was
performedwith the COLLECT software [37,42]. Integration and scaling
of the intensities were carried out with the HKL DENZO-SCALEPACK soft-
ware package [38,43]. Intensities were corrected for Lorentz and po-
larization effects. Multiscan absorption correction was also applied
to all measured intensities with maximum and minimum transmis-
sion factors of 0.581 and 0.345, respectively. The structure was solved
by direct methods [40] and reﬁned by full-matrix least-squares on F2
[41]. All non-hydrogen atoms were reﬁned with anisotropic displace-
ment parameters. Hydrogen atoms bonded to C atoms were placed at
their idealized positions using standard geometric criteria. H atoms of
the water solvate were located from Fourier difference map and trea-
ted with riding model. Further crystallographic information are pre-
sented in Table 1.
3. Results and discussion
Complex 1was obtained in good yield and purity by stoichiometric
reaction of the unsymmetrical ligand H2L and the hydrated salts Cd
(NO3)2·4H2O and Fe(ClO4)3·9H2O, with addition of NaOAc. The [FeIII2-
HgII2(L)2(OH)2](ClO4)2 complex (2) was obtained in a similar proce-
dure as 1 but under argon atmosphere. On the other hand, the μ-CO3-
bridged [(L) HgIIFeIII(μ-CO3)FeIIIHgII(L)](ClO4)2 (3) complex could be
obtained by both methodologies employed for 1 (changing Cd
(NO3)2·4H2O to Hg(NO3)2·H2O) or 2 (but in the presence of air). A
wide variety of physical and chemical measurements were performed
on complexes 1 to 3. These include studies on the complexes both in
the solid state and in solution. The solid state measurements include
structure determination by X-ray crystallography for 1 and 3, magneto-
metric studies and Mössbauer spectroscopy for complex 3. IR spectra
were measured for all complexes. Solution studies for all complexes in-
clude electronic absorption spectroscopy, electrochemistry and potentio-
metric titrations, which demonstrate the acid/base properties of the
complexes that are crucial for catalytic hydrolysis. In order to demon-
strate the biomimetic relevance of these compounds (1 and 2), the reac-
tivity studies were carried out to evaluate their hydrolytic cleavage
properties towards the phosphodiester 2,4-bdnpp. From the unexpected
crystal structure of (3) we studied the CO2 ﬁxation (at neutral pH) of
complex (2). Therefore, the complex can be considered a functional bio-
mimetic model for carbonic anhydrase.
3.1. Crystal structure description of 1
Well-formed dark red crystals of 1 were characterized by single
crystal X-ray analysis and its structure was solved. The atomic labeling
scheme, selected bond lengths and angles for 1 are shown in Fig. 1
and Table 2, respectively.
The crystal structure of 1 reveals a heterodinuclear [FeIIICdII(L)(μ-
OAc)2]+ cation complex in which the FeIII and CdII centers are bridged
by the phenolate oxygen atom O10 of the L2− ligand and by two exog-
enous carboxylate groups of the acetate ligands. Similarly to other MIII-
MII dinuclear model complexes containing the unsymmetrical L2−
ligand reported by Neves and co-workers [10,14,17–22], the N2O4 coor-
dination sphere of the trivalent center is completed by two nitrogen
atoms (N1 and N32) of the tertiary amine and the pyridine atoms, re-
spectively, and the O20 oxygen of the terminal phenolate (in the hard
side of the ligand). The N4, N42 and N52 nitrogen atoms of the tertiary
amine and pyridine pendant arm complete the N3O3 octahedral coordi-
nation sphere of the Cd1 center (soft side). In 1, the O72 and O62 oxy-
gen atoms of the acetate groups are coordinated to Cd1 in positions
trans to the N4 tertiary amine andN42 pyridine nitrogen atoms, respec-
tively, while the other pyridine donor (N52) is in a trans position to the
oxygen O10 from the μ-phenoxo bridge. The O71 and O61 oxygen
atoms of the acetate groups are coordinated to the Fe1 site in positions
trans to the N32 pyridine nitrogen and N1 tertiary amine, respectively,
whereas the O20 oxygen atom is in trans position to the O10 atom from
the μ-phenoxo bridge. Therefore, 1 shows clearly the facial coordination
of the tridentate pendant arms of the L2− ligand around bothmetal cen-
ters. In fact this coordinationmode of the ligand L2− is identical to those
observed in the MnIIIMnII[20], FeIIIMII (where MII is Mn, Fe, Co, Ni, Cu
and Zn) [19,22,10,17,14,18], and GaIIIMII (where MII is Co, Ni, Zn)
[10,12] di-μ-acetato complexes.
The bond lengths around the Fe1 center (av. 2.054 Å) in 1 are similar
to those observed in the corresponding FeIIIMnII (av. 2.049 Å) [19], FeIII-
CoII (av. 2.045 Å) [10], FeIIINiII (av. 2.045 Å) [11,17], FeIIICuII (av.
2.055 Å) [14], and FeIIIZnII (av. 2.048 Å) [18] complexes. On the other
hand, the average bond length around the Cd1 ion is slightly larger
(av. 2.300 Å) than that found around the ZnII center (av. 2.132 Å) in
the corresponding isostructural FeIIIZnII complex [18], which is in full
agreement with their ionic radii (0.95 vs. 0.74 Å, respectively). Thus,
CdII ion can be considered a good and useful analog of the ZnII metal
center in metalloenzymes and biomimetics [44]. The terminal
FeIII\O20(phenolate) bond distance in 1 (1.875 Å) is similar to that
found in the FeMn spPAP (sweet potato purple acid phosphatase)
(1.88 Å) [45], and is within the range of the bond lengths found in
homo- and heterodinuclear complexes with the same ligand. The
Table 1
Summary of crystallographic data for complexes 1 and 3.
Complex 1 Complex 3
Empirical formula C38H40CdClFeN5O10.50 C69H66Cl2Fe2Hg2N10O16
Mol wt 938.45 1875.10
Crystal system Monoclinic Triclinic
Space group P21/n Pī
Crystal size (mm) 0.50×0.43×0.43 0.23×0.20×0.11
T (K) 293 (2) 293 (2)
a (Å) 15.283 (5) 12.9730 (2)
b (Å) 12.591 (1) 14.0290 (3)
c (Å) 20.849 (6) 21.3660 (5)
α (°) 90 98.909 (1)
β (°) 90.32 (3) 107.053 (1)
γ (°) 90 104.787 (1)
V (Å3) 4011.9 (18) 3481.72 (12)
Z 4 2
ρc (g·cm−3) 1.554 1.789
μ (mm−1) 1.022 4.957
F (000) 1912 1848
abs correction ψ-scan Multiscan
(Tmax and Tmin) 0.642 and 0.612 0.581 and 0.345
Reﬂections 7313 46,780
Unique 7104 (Rint−0.0558) 14,174 (Rint−0.0750)
Params/restrains 7104/71/506 14,174/0/912
GOOF (F2) 1.084 1.058
R(F) (IN2σ(I)) R1=0.0475, wR2=0.1385 R1=0.0426, wR2=0.1062
Rw (F2) (all data) R1=0.0664, wR2=0.1483 R1=0.0571, wR2=0.1160
Table 2
Selected bond lengths [Å] and angles [°] for complex 1.
Fe1\O20 1.875 (4) Cd1\O72 2.184 (4)
Fe1\O61 2.004 (4) Cd1\O10 2.268 (3)
Fe1\O10 2.012 (3) Cd1\O62 2.271 (4)
Fe1\O71 2.019 (4) Cd1\N42 2.334 (5)
Fe1\N1 2.205 (4) Cd1\N4 2.367 (4)
Fe1\N32 2.208 (4) Cd1\N52 2.371 (5)
Fe1\Cd1 3.598 (1) Fe1\O10\Cd1 114.30 (15)
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FeIII…CdII distance found in 1 (3.598 Å) is longer, but still comparable to
the corresponding distances in rkbPAP (red kidney bean purple acid
phosphatase) (3.26 Å) [46] andUf (Uteroferrin) (3.31 Å) [47]. The slight
difference is most probably due to the presence of the di-μ-acetato
bridge in 1, since in the enzymes the FeIII and MII ions are linked via a
μ-hydroxo bridge. It is important to note that in the FeIII(μ-OH)ZnII bio-
mimetic with the same ligand, the FeIII…ZnII distance is 3.05 Å [13]. The
Fe1–O10–Cd1 angle (114.30°) in 1 is comparable to other isostructural
di-μ-acetato heterodimetallic compounds with the same ligand
[10,14,17–22]. However, these angles are signiﬁcantly larger, as
expected, when compared to the corresponding angle found in the
FeIII(μ-OH)ZnII complex (96.2°) [13].
3.2. Crystal structure description of 3
In an attempt to obtain unsymmetrical complexes with a {FeIII(μ-
OAc)2HgII} or {FeIII(μ-OH)HgII} structural unit, both of the synthetic
methodologies as described for complexes 1 and 2, respectively, were
employed and after standing the solutions in air for 3 days, deep blue
crystals were obtained whichwere characterized by X-ray crystallogra-
phy. To our surprise, the single crystal X-ray analysis has not revealed a
dinuclear {FeIII(μ-X)HgII} structural core (where X=OH− or OAc−) but
instead an unprecedented tetranuclear Fe2IIIHg2II compound containing a
{FeIII(μ-Ophenoxo)2(μ-CO3)FeIII} corewas observed. The structural atomic
labeling schemes, selected bond lengths and angles for 3 are shown in
Fig. 2 and Table 3, respectively.
The molecular arrangement of 3 reveals a divalent tetranuclear
[FeIIIHgII(L)(μ-Oph)2(μ-CO3)FeIIIHgII(L)]2+ cation complex. The dimeric
{LFeIIIHgII} units are bridged by two terminal phenolate oxygen atoms
O10 and O20 of the L2− ligand, and one exogenous carbonate group.
Interestingly, two unusual organometallic Hg1\C73 and Hg2\C23
mercury–carbon bonds were also observed. Since neither carbonate
nor bicarbonate were added during the synthesis of 3, the incorporated
bridging carbonate ligand has to originate from atmospheric CO2.
The Fe1 and Fe2 centers are in octahedral N2O4 coordination envi-
ronments, in which each trivalent metal center is coordinated by four
donor atoms of one L2− (a tertiary amine, a pyridine and two pheno-
late groups), one oxygen of the exogenous carbonate group and another
one from the vicinal dimer (terminal phenolate). The mercury centers
(Hg1 and Hg2) consist in a N3C four coordinated environment. Thus
each of the “soft” divalent sites are coordinated by three nitrogen
atoms of L2− (a tertiary amine, two pyridines) and an aromatic carbon
atom of the vicinal dimer (terminal phenolate). In 3, for the trivalent
sites Fe1 and Fe2, the central phenolate oxygen atoms O10 and O60
are coordinated in trans positions to the O20 and O70 terminal pheno-
late groups, respectively, while the pyridine nitrogen atoms N32 and
N82 are coordinated in trans positions to the O20 and O70 terminal
phenolate oxygen atoms, respectively. Finally, the tertiary amines N1
and N5 are in trans positions to the O113 and O111 oxygen atoms of
the carbonate bridge. In the divalent Hg1 and Hg2 metal centers the
N42 andN92 nitrogenpyridine atoms are coordinated in trans positions
to the C72 and C23 carbon atoms of the vicinal dimer (terminal pheno-
late), respectively. Despite the unusual arrangement of the donor atoms
in the structure of 3, the L2− ligand shows clearly the facial coordination
of its tridentate pendant arms around bothmetal centers. This arrange-
ment is identical to those observed in some other complexes with the
same ligand [10,14,17–22].
In the tetranuclear complex 3, the averaged bond lengths around
the Fe1 and Fe2 centers are 2.054 and 2.052 Å, respectively, and
these values are comparable to other complexes containing a N2O4
coordination environment already described in the literature
[10,14,17–22]. On the other hand, as expected, the averaged bond
lengths around the Hg1 and Hg2 centers (av. 2.410 and 2.445 Å, respec-
tively) are signiﬁcantly longer than those observed in the trivalent FeIII
sites, in agreement with the larger ionic radius of HgII (1.02 Å). The
aromatic carbon and HgII bond distances (C73⋯Hg1 and C23⋯Hg2)
are 2.082 and 2.067 Å, respectively and are in full agreement with
carbon–mercury bond distances described in the literature [48].
Beck and co-workers also employed HgII ions for enzyme (rkbPAP)
metal replacement and have concluded thatmercury can be considered
a good and useful analog of the ZnII ions in metalloenzymes [44]. The
Fig. 2. The molecular arrangement of the cation complex in 3.
Table 3
Selected bond lengths [Å] and angles [°] for complex 3.
Fe1\O10 1.896 (3) Fe2\O60 1.897 (3)
Fe1\O113 1.944 (3) Fe2\O111 1.919 (4)
Fe1\O70 2.012 (3) Fe2\O20 1.991 (3)
Fe1\O20 2.086 (3) Fe2\O70 2.109 (3)
Fe1\N32 2.158 (4) Fe2\N82 2.154 (4)
Fe1\N1 2.231 (4) Fe2\N5 2.239 (4)
Hg1\C73 2.082 (5) Hg2\C23 2.067 (5)
Hg1\N42 2.181 (4) Hg2\N92 2.189 (4)
Hg1\N4 2.626 (4) Hg2\N8 2.597 (4)
Hg1\N52 2.751 (5) Hg2\N102 2.926 (5)
Hg1\O10 2.951 (3) Hg2\O60 2.831 (3)
Fe1\Hg1 3.7905 (7) Fe2\Hg2 3.6378 (7)
Fe1\O10\Hg1 100.59 (12) Fe2\O60\Hg2 98.63 (13)
Fe1\O20\Fe2 99.87 (13) Fe2\O70\Fe1 98.41 (13)
Fe1\Fe2 3.1205 (9)
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Fe1\O20 and Fe2\O70 bond distances (FeIII-terminal phenolate) in
3 (2.086 and 2.109 Å, respectively) are slightly longer than that found
in the FeMn spPAP (1.88 Å) [45], but are similar to the FeIII\Otyr
bond length in the FeIIIZnII rkbPAP enzyme (2.05 Å). Finally, the
Fe1⋯Fe2 distance found in 3 (3.120 Å) is very similar to the correspond-
ing distance observed in a tetranuclear Fe2Zn2 complex containing
the {FeIII(μ-OH)2FeIII} core (3.089 Å) [49].
3.3. Magnetochemistry
The magnetic data for complex 3 were collected in the temperature
range 4.5–300.5 K at a constant magnetic ﬁeld (0.1 T) with a SQUID
magnetometer. The experimental temperature dependence of themag-
netic susceptibility (χ) and effectivemagneticmoment (μeff) is shown in
Fig. 3. The μeff value per Fe2III is 7.56 μB at 300.5 K, indicating the presence
of high-spin FeIII species, and falls to 0.98 μB at 4.5 K consistent with an
antiferromagnetic exchange interaction between the FeIII centers. The
data were ﬁtted by using the expression for molar susceptibility versus
temperature from the spin-exchange Hamiltonian H=−2JS1S2+D
(S1z2 +S2z2 ) (S1=S2=5/2) and very good agreement between the theo-
retical and experimental data was obtained with the following parame-
ters: g=1.98±0.01, TIP (emu/mol)=(491±10)×10−6 and J=
−7.2 cm−1. Zero ﬁeld splittingD parameterwas put 0 during ﬁtting be-
cause it could not be reliably determined from the powder data obtained
in the temperature range above 4.5 K. Interestingly, several examples of
complexes with the {FeIII(μ-O)(μ-CO3)} or {FeIII(μ-O)(μ-CO3)2} units and
strong antiferromagnetic coupling (J~−100 cm−1) have been reported
[50–58]. However, complex 3 is to the best of our knowledge the ﬁrst
example of a complex which contains the {FeIII(μ-Ophenoxo)2(μ-CO3)}
core, although the partial structure of a {FeIII(μ-Oalkoxo)2(μ-CO3)} com-
plex which reveals weak antiferromagnetic coupling (J=−4.4 cm−1)
has also been reported [59].
In fact, the J=−7.2 cm−1 value found for 3 is close to the antiferro-
magnetic exchange coupling observed for other dinuclear FeIII com-
plexes containing a tribridged structure composed by the {(μ-alkoxo)2
(μ-OAc)} core [60]. This is not surprising since these complexes and 3
show similar FeIII−Oalkoxo and FeIII−Ophenoxo bond distances (average
~2.0 Å) within the {Fe−(OR)2−Fe} structural unit which has been
proposed to mediate the intramolecular coupling [60].
Interestingly, the experimental antiferromagnetic exchange cou-
pling observed for complex 3 is in reasonable agreement with the
value Jcal=−9.0 cm−1 calculated from the empiricalWerner's relation-
ship [61]: −J=107exp(−6.8d), where d is the averaged FeIII–oxygen
distance over the phenoxo-, alkoxo- and hydroxo-bridge. Thus we can
conclude that for this type of complexes, the FeIII–OR–FeIII angle has
no noticeable inﬂuence in the exchange coupling since the Werner
model only employs the structural parameter d to predict the J value.
3.4. Mössbauer spectroscopy
Mössbauer spectroscopy was used to obtain additional informa-
tion of the ligand environment at the iron centers in complex 3 and
representative spectra at 298 and 115 K are given in Fig. 4. The
obtained Mössbauer parameters are listed in Table 4.
The Mössbauer spectrum at 298 K shows a assymmetrical doublet
where linewidth W1 is signiﬁcantly smaller than W2 but with similar
absorption area. These features can be explained by the Goldanskii–
Karyagin effect (one of the metal–ligand bonds around the FeIII center
is longer than the others). The isomeric shift (δ) and quadrupolar
splitting (ΔEq) are typical for a high spin FeIII in a weak N,O-rich li-
gand ﬁeld. At 115 K, the asymmetry is corrected by termical effect
and the linewidth W1 and W2 becomes quite similar as expected,
but, surprisingly the spectrum shows a linewidth inversion if com-
pared with the 298 K one. In fact this behavior indicates that the
FeIII-doublet, may be composed by two non-resolved doublets
which corroborates with the unusual large linewidths even at low tem-
peratures (calibration linewidthwas 0.24 mm s−1). All these evidences
are in agreement with the X ray crystal structure of 3which shows two
iron centers in a similar chemical environment. The enhancement of the
absorption intensity at lower temperatures also corroborates with ther-
mal effects once that at 115 K themolecules of 3 are at lower vibrational
levels suppressing the Goldanskii–Karyagin effect. The spectroscopic
Mössbauer data of 3 are in good agreement with those data obtained
for a tetranuclear Fe2Zn2 complex containing the {FeIII(μ-OH)2FeIII}
core in which the FeIII centers lie in a similar N,O-donor chemical envi-
ronment (isomer shift (δ) is 0.44 mm s−1 at 115 K and 0.33 at 298 K
and the quadrupole splitting (ΔEq) is 0.68 mm s−1 at both 115 and
298 K) [49]. Finally, the 57Fe-Mössbauer studies in the oxidized bsPAP
(bovine spleen purple acid phosphatase) have shown the presence of
Fig. 3. Magnetic susceptibility (χ) and effective magnetic moment (μeff) of powder
sample (35.4 mg) as function of temperature for complex 3. Fig. 4. Mössbauer spectra of polycrystalline sample of 3 at 298 (top) and 115 K (bottom).
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the two distinct high spin FeIII centers (δ=0.51 and 0.54 mm s−1;
ΔEq=1.03 and 1.36 mm s−1, respectively). In summary, all these pa-
rameters are in full agreementwith a richN,O-donor coordination envi-
ronment around the FeIII centers in the biomimetics as well as in the
enzymatic systems [19,61–63].
3.5. Electronic absorption spectroscopy
Electronic spectra of complexes 1–3 in acetonitrile solution and
under kinetic conditions for 1 and 2 are shown in Fig. S1. The UV–visible
(UV–vis) spectroscopic data are listed in Table 5.
For complexes 1 to 3, the electronic spectra in acetonitrile solution
show broad bands with λmax between 490 and 570 nm, which can be
attributed to a Ophenolate→FeIII LMCT transition (pπ→dπ*). A shoul-
der at about 340 nm (for 1 and3), is also observed,whichmost probably
arises from a second phenolate-to-FeIII charge-transfer transition
(pπ→dσ*) [64]. The values of λmax and ε are also comparable to other
dinuclear FeIIIMII complexes with the same ligand, already described in
the literature [10,14,17–19,22,49]. On the other hand, under kinetic con-
ditions at the pH optimum (vide infra), the absorption maxima of com-
plexes 1 and 2 are shifted to lower wavelengths, which clearly indicates
a change in the coordination sphere of the FeIII center in the complexes
(see Table 5). Thus, for 1 in acetonitrile solution it is assumed that the
carboxylates remain bound to the metal centers within the {FeIII(μ-
OAc)2CdII} core. When it is dissolved in an aqueous solution the two
bridging-carboxylate groups are removed and are likely replaced
by water molecules to form a {FeIII(μ-OH)CdII} unit [9,13]. Termi-
nal H2O/OH− molecules most probably complete the hexacoordi-
nation around the FeIII and CdII centers, respectively. Comparing
the spectra obtained for 1 in the kinetic condition, there is a hyp-
sochromic shift. This spectrum is similar to other complexes with {FeIII
(μ-OH)MII} core [9,13] and must be originated from the replacement of
the acetato ligands by bridging and terminal OH− groups. This ligand
replacement lowers the Lewis acidity of the FeIII center so that the t2g
orbitals are at higher energy in the {FeIII(μ-OH)MII} species. Additional
changes in the bond angles around the FeIII center and the composition
of solvent molecules in the second coordination sphere should also be
taken into account when the tribridged {FeIII(μ-Ophenoxo)(μ-OAc)2CdII}
unit in 1 is converted into the dibridged {FeIII(μ-Ophenoxo)(μ-OH)CdII}.
This interpretation is also in linewith the structural and electronic spec-
tral data observed in the corresponding {FeIII(μ-OAc2)ZnII} and {FeIII(μ-
OH)ZnII} complexes [13,18]. In general, the electronic properties of 1 are
consistent with those observed in other {FeIIIMII(L)(μ-OAc)2}+ com-
plexes (where MII can be Mn, Fe, Co, Ni, Cu and Zn) under identical ex-
perimental conditions [10,14,17–19,22].
3.6. Electrochemical measurements
The electrochemical properties of complexes 1–3were determined
by cyclic voltammetry and by square wave voltammetry (Fig. S2).
Cyclic voltammograms (CVs) with scan-rate variation (100 to
500 mV s−1) of 1 revealed a quasi-reversible cathodic wave at
E1/2=−0.47 V vs. NHE ascribed to the one-electron redox process
FeIIICdII/FeIICdII. The value for the FeIII/FeII redox couple of 1 is in
close agreement with the values observed for the isostructural
FeIIIMnII (−0.47 V) [19], FeIIIFeII (−0.49 V) [22], FeIIINiII (−0.54 V)
[11], FeIIIZnII (−0.51 V) [18], FeIIICoII (−0.57 V) [10], and FeIIICuII
(−0.6 V) [14] complexes. This electrochemical behavior implies
that the N2O4 coordination environment around the FeIII imposes
a particular redox potential for the FeIII/FeII redox couple in CH3CN
solution, (−0.47 to −0.60 V vs. NHE), for this series of complexes
containing the unsymmetrical H2L ligand.
Complex 2 shows two quasi-reversible redox processes at −40
and −620 mV vs. NHE (Fig. S2) which are ascribed to the following
successive reduction couples of the iron centers: {FeIII(μ-Ophenoxo)2-
FeIII}+e−→{FeIII(μ-Ophenoxo)2FeII} and {FeIII(μ-Ophenoxo)2FeII}+
e−→{FeII(μ-Ophenoxo)2FeII}. These redox processes reinforce the
idea of a tetranuclear motif for 2 as in complex 3, but, instead of the
exogenous μ-carbonato bridge, terminal hydroxo ligands are bound
to the iron centers. Moreover, a dinuclear iron-containing
complex with a similar structural unit {(H2O)FeIII(μ-Oalkoxo)2FeIII(H2O)}
described by Neves and co-workers has shown comparable redox
potentials (−80 and −520 mV vs. NHE) when compared to complex
2 [21,22,65].
For complex 3, the CVs (Fig. S2) reveal two quasi-reversible waves
(−340 and−870 mV vs. NHE) ascribed to the following cathodic redox
processes: {FeIII(μ-Ophenoxo)2(μ-CO3)FeIII}+e−→{FeIII(μ-Ophenoxo)2(μ-
CO3)FeII} and {FeIII(μ-Ophenoxo)2(μ-CO3)FeII}+e−→ {FeII(μ-Ophenoxo)2
(μ-CO3)FeII}. As expected these values are cathodically shifted if
compared with those of complex 2 due to the presence of the
bridging μ-CO3 in complex 3.
3.7. Potentiometric titrations
Potentiometric titration studies of 1 and 2 were carried out, in
triplicates, in a mixture of acetonitrile/water (50% v/v; I=0.1 M
KCl), and show the neutralization of 3 mol (for 1) and 4 mol (for 2)
of KOH per mol of complex in the pH range of 3–11. Fitting the data
with the BEST7 [34] program resulted in the pKa values given in
Table 6. The deprotonation/protonation equilibrium steps and the
corresponding species distribution are proposed in Scheme S1 for
complexes 1 and 2, respectively.
For the complex 1, the protonation equilibria can be interpreted in
terms of the dissociation of the bridging carboxylate groups. Firstly,
one acetate group is released leading to the {(H2O)FeIII(μ-OAc)CdII
(H2O)} species (structure A in Scheme S1), where pKa2 corresponds
to the FeIII-bound aqua ligand deprotonation to yield the {(HO)FeIII
(μ-OAc)CdII(H2O)} species (structure B in Scheme S1). It has been
proposed that upon the dissociation of the second acetate group,
water molecules occupy the remaining coordination positions of
the metal ions [10–12]. Upon the deprotonation of a second water
molecule a μ-OH bridge is formed (pKa3), generating the catalytically
Table 4
Mössbauer parameters for complex 3.
T (K) δ (mm·s−1) ΔEq (mm s−1) W1 (mm s−1) W2 (mm s−1) Absorp (%)
298 0.32 0.74 0.55 0.73 0.93
115 0.48 0.78 0.49 0.45 4.0
Table 5
UV–visible spectroscopic data for complexes 1 to 3.
Complex λmax (nm) (ε (M−1 cm−1))
CH3CN Kineticsa
1 531 (3070) 488 (3380)
2 493 (2641) 486 (2480)
3 569 (5960) –
a MeCN/H2O (50% v/v); pH 6.5; biological buffer 0.1 M MES; ionic strength (LiClO4)
0.1 M; [complex]=2.0×10−5 M.
Table 6
pKa values found for complexes 1 and 2 in acetonitrile/water 50% v/v solution.
Complex 1 2
pKa1 – 3.30
pKa2 5.24 4.73
pKa3 6.55 6.78
pKa4 9.16 9.55
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active species {(HO)FeIII(μ-OH)CdII(H2O)} (structure C in Scheme S1).
In the last step of the equilibrium process, pKa4 is assigned to the
deprotonation of the CdII-bound H2O ligand to yield structure D in
Scheme S1. The FeIII–OH2/OH pKa2 value obtained for 1 nicely com-
pares to those previously determined for the isostructural FeIIIMII
complexes (where MII=Mn, Co, Ni, Cu and Zn). On the other hand,
the higher pKa4 value of 9.16 attributed to deprotonation of the
CdII-bound water molecule, correlates very well with the relative
ionic radii, which is signiﬁcantly higher for CdII (1.09 Å) when com-
pared to those of the MII transition metals employed in the FeIIIMII
complexes [10,13,14,17–19].
For complex 2 (Scheme S1) at signiﬁcantly lower pH values, we
tentatively propose that one of the non-bridging phenolate groups
would be protonated as described by species A — {(H2O)(HOph)FeIII
(μ-Oph)2FeIII(OH2)} and at pH 3.30 (pKa1) deprotonation of this spe-
cies occurs, generating species B ({(H2O)FeIII(μ-Oph)2FeIII(OH2)}).
Two further successive titratable protons, described by pKa2 (4.73)
and pKa3 (6.78) are attributed to deprotonation of FeIII-bound water
molecules which results in the formation of the {(HO)FeIII(μ-Oph)2-
FeIII(OH2)} (C) and {(HO)FeIII(μ-Oph)2FeIII(OH)} (D) species, respec-
tively. These pKa values are in good agreement with those
determined for other dinuclear complexes containing the {FeIII(μ-
OR)2FeIII} core and onewatermolecule coordinated at each FeIII center
as already reported in the literature [21,64,65]. Interestingly, a fourth
acid/base equilibrium (pKa4=9.55) was observed, despite the fact
that complex 2 shows only two water molecules coordinated at the
iron centers. We attribute this fact to the substitution of one pyridine
group bound to one iron center by one water molecule with its subse-
quent deprotonation and so, generating the species {(HO)2FeIII(μ-Oph)2-
FeIII(OH)} (E). A similar behavior has been reported for the dinuclear
iron-containing complex {FeIII2(BPClNOL)2(H2O)2}2+ described pre-
viously [66], H2BPClNOL=N-(2-hydroxybenzyl)-N-(2-pyridylmethyl)
[(3-chloro)(2-hydroxy)]propylamine).
3.8. Phosphatase-like activity
The catalytic activity of complexes 1 and 2 were evaluated in the
hydrolysis reactions of the activated diester 2,4-bdnpp [5] andmonoes-
ter 2,4-dnpp substrates [35]. The experiments weremonitored spectro-
photometrically at 400 nm (ε=12,100 M−1 cm−1 of the 2,4-dnp−
anion) at 25 °C, as described elsewhere [17–19]. The pH depen-
dence of the catalytic activity in the hydrolysis of 2,4-bdnpp be-
tween pH 3.5 and pH 10.5 shows a bell-shaped proﬁle with
optima at pH 6.5 for complex 1 (Fig. 5 top). For complex 2, three
successive sigmoidal-shaped proﬁles were found at the same pH
range (Fig. 5 bottom).
From sigmoidal ﬁt of the curve, two catalytically relevant pKa
values for complex 1 were obtained (5.2 and 9.0). These pKa values
are in good agreement with both the pKa2 and pKa4 obtained from
the potentiometric titrations and with values for other isostructural
FeIIIMII complexes with the same ligand [10,13,14,17,18]. For complex
1, kinetic rates are maximal under conditions where the concentra-
tion of active species is predominant, i.e. at a pH that lies between
the catalytic pKa values (5.2 and 9.0). At a pHb5.2, the FeIII-bound
hydroxo ligand (nucleophile) is predominantly protonated, thus lower-
ing the reaction rates. When the pHN9.0, the CdII-boundwater ligand is
mostly in the deprotonated form, which reduces the leaving tendency
of the hydroxo ligand from the divalent center, thus preventing coordi-
nation by the substrate.
For complex 2, the pH dependence of the catalytic cleavage of the
diester 2,4-bdnpp shows a three-successive increase of the initial
rates. The data were ﬁtted under a standard Boltzmann sigmoidal
equation giving three kinetic pKa values (5.3, 7.5 and 9.1). The ﬁrst
two protonation constants are directly related to each one of the
FeIII-bound water ligands and their values are close to those observed
in the potentiometric studies (4.73 and 6.78, respectively). pKa value
of 5.3 is also in agreement with those found in several iron-containing
heterodinuclear moieties already described in the literature
[10,13,14,17,18]. The pKa value of 9.1 can be associated with a second
deprotonation of the FeIII-bound water ligand generated by the sub-
stitution of one pyridine group bonded to one iron center. The well
pronounced activity at higher pH values demonstrates that the suc-
cessive initial rates increase are related with the number and strength
of the generated nucleophilic agents.
Saturation kinetics data were obtained at pH optimum (6.50) for
complex 1 (Fig. 6 top). For complex 2 (Fig. 6 bottom), the same pH
value was selected aiming a comparison of the kinetic parameters of
these catalysts. The data were ﬁtted to the Michaelis–Menten equa-
tion and numeric results are listed in Table 7.
Complex 1 shows higher catalytic activity when compared to 2.
This fact can be illustrated by the catalytic efﬁciency (kcat/KM;
M−1 s−1): 62×10−2 and 6×10−2 and kcat values observed for 1
and 2, respectively. In fact these values reinforce the idea of their sig-
niﬁcant structural differences: a dinuclear structure for complex 1
which generates the catalytically active species {(HO)FeIII(μ-OH)CdII
(H2O)} and the unprecedented tetranuclear structure of complex 2.
Based on the crystal structure of complex 3 which originates from 2,
it is reasonable to assume that the relatively long FeIII…HgII distance
(av. 3.71 Å) could be responsible for the lower catalytic effectiveness
of 2. Thus, under similar experimental conditions, complexes 1 and 2
catalyze the hydrolysis of the diester 2,4-bdnpp approximately 5800
Fig. 5. Dependence of the initial rates as a function of pH for 1 (a) and 2 (b) under the fol-
lowing conditions: H2O/CH3CN 50% solution, [complex]=2.0×10−5 M, [2,4-bdnpp]=
6.23×10−3 M, [buffer]=5.0×10−2 M (MES, HEPES, CHES, CAPS); I=0.05 M (LiClO4).
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and 2400 times faster, respectively, when compared to the uncata-
lyzed reaction (kuncat=1.89×10−7 s−1) [5]. The catalytic activity
found for 1 is comparable to those observed for the isostructural an-
alogs FeIIIZnII[13,18], FeIIINiII[17], GaIIINiII[11] and GaIIIZnII[12] com-
plexes, indicating that CdII can also serve as a functional analog of
MII in biomimetics as well as in purple acid phosphatases as reported
by Beck et al. [44].
In order to elucidate the mode of interaction between the diester
substrate 2,4-bdnpp and 1, we followed the spectral change of the reac-
tionmixture at the pH optimum over a period of 24 h in the presence of
excess substrate (Fig. S3). The absorptionmaximumand the intensity of
the phenolate-FeIII charge-transfer remains unchanged, which indicates
that the substrate does not interact with the FeIII center and therefore a
monodentate binding of the diester to the CdII can be expected [13]. On
the other hand, the absorption at 400 nmcontinues to increase due to the
formation of stoichiometric amounts of the product 2,4-dinitrophenolate.
For complex 2 similar results were obtained (data not shown), sug-
gesting that even in the tetranuclear unit of 2, the activated substrate
2,4-bdnpp interacts with the divalent Hg sites.
It is important to emphasize that after the ﬁrst hydrolytic process
of the diester 2,4-bdnpp, a sequential reaction must be taken into ac-
count, in which the metal-bound monoester product 2,4-dnpp, could
be further hydrolyzed.
We tested the activity of 1 and 2 in the hydrolysis of the monoes-
ter product directly with an excess of substrate, and over a period of
5 h, only the background reaction was observed. The coordination of
the monoester bridging the two metal ions is proposed based on
the hypsochromic shift (502 nm to 482 nm) observed after ligation
of 2,4-dnpp to 1 and (508 nm to 497 nm) for 2. After this time, the dies-
ter 2,4-bdnpp was added to the reaction mixture of 1 and immediately
the absorbance at 400 nmstarted to increase (Fig. S4), indicating the re-
covery of the catalyst and hydrolysis of the diester substrate. Therefore,
wemay conclude that the μ-hydroxo bridge is a signiﬁcantly poorer nu-
cleophile than the terminally FeIII-bound OH group, and that hydrolysis
of themonoester to form inorganic phosphate and 2,4-dinitrophenolate
occurs exclusively due to the background reaction as has been observed
for the {FeIII(μ-OH)ZnII} complex with the same ligand [13]. For com-
plex 2, the observation that after 24 h, the hydrolysis of the diester sub-
strate 2,4-bdnpp has ﬁnished is a strong indication that the formed
monoester acts as an inhibitor of the catalytic reaction. This conclusion
is in agreement with the observation that, when 2,4-bdnpp is added to
the reaction mixture of 2 with the monoester 2,4-dnpp, no further hy-
drolysis of the diester takes place. It is important to remark that,
under similar experimental conditions, the {FeIII(μ-OH)ZnII} catalyst
shows around 200 turnovers in 24 h [13]. Thus, in the complex 3, the
product of theﬁrst catalytic cycle probably remains bound to the biomi-
metic, preventing the binding of a new diester substrate molecule.
Kinetic isotope effect studies for the hydrolytic cleavage of 2,4-
bdnpp by 1 and 2 were carried out to probe the catalytic mechanism
further. According to Deal et al. [67] a kH/kD ratio between 0.80 and
1.50 for reactions performed in H2O and D2O indicates that no proton
transfer occurs during the rate-limiting step of the reaction. Therefore,
the kH/kD values of 1.20 and 0.92 obtained for 1 and 2, respectively sup-
port the idea of an intramolecular nucleophilic attack by a FeIII-bound
hydroxide in the hydrolysis reaction of the diester 2,4-bdnpp.
Based on the physico-chemical properties and phosphatase-like
activity measured for all the complexes and crystal structures of 1
and 3, we are encouraged to propose the molecular arrangement for
complex 2 (Fig. 7).
Fig. 6. Dependence of the initial rates on the 2,4-bdnpp concentration for the hydrolytic
cleavage catalyzed by 1 (a) and 2 (b), in H2O/CH3CN 50% v/v mixture solution under a
Michaelis–Menten ﬁt. Conditions: [complex]ﬁnal=1.0×10−5 M, [2,4-bdnpp]ﬁnal=
1.56×10−4 to 4.36×10−3 M, [buffer]ﬁnal=0.05 M, pH 7.00 (MES buffer), at 25 °C.
Table 7
Kinetic parameters obtained for the hydrolytic cleavage of 2,4-bdnpp promoted by com-
plexes 1 and 2. Conditions: [complex]ﬁnal=1.0×10−5 M, [2,4-bdnpp]ﬁnal=1.56×10−4
to 4.36×10−3 M, [buffer]ﬁnal=0.05 M, pH 6.50 (MES buffer), at 25 °C.
Complex Kinetic parameters
kcat (s−1) KM (M) Kassoc (M−1) kcat/kuncat
1 1.08×10−3 1.75×10−3 571 5.78×103
2 4.42×10−4 7.29×10−3 137 2.36×103
Fig. 7. Proposed molecular arrangement of the cation complex in 2 based on their physi-
cochemical and reactivity properties and crystal structure of 3.
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Based on the X ray crystal structure, the potentiometric titration
results and the kinetic behavior of complex 1 in the hydrolysis of
2,4-bdnpp, we suggest a reaction mechanism as shown in Fig. 8. The
dependence of the reaction rate on pH suggests that the initiating nu-
cleophile in the hydrolysis reaction is the terminal FeIII-coordinated
water molecule in complex 1. The catalytically active species {(HO)
FeIII(μ-OH)CdII(H2O)} possesses both, a CdII-bound water molecule,
which readily changed by a substrate molecule, and a FeIII-coordinated
hydroxide nucleophile available for intramolecular attack at neutral pH.
The formation of a complex-substrate intermediate is proposed on the
basis of the initial rates values vs. [2,4-bdnpp] proﬁle (Fig. 6), which fol-
lows saturation kinetics, in agreement with the Michaelis–Menten
model for a catalytic mechanism.
Based on the proposed molecular arrangement of 2 (Fig. 7) we
also suggest a catalytic mechanism for the hydrolysis of the diester
2,4-bdnpp (Fig. 9) by this complex. The catalytically active species
{HgII(HO)FeIII(μ-Oph)2FeIII(H2O)HgII} generated at pH 6.5 possesses
both a divalent labile HgII center, facilitating the monodentate binding
of the substrate molecule, and a FeIII-coordinated hydroxide nucleo-
phile available for intramolecular attack. This behavior corroborates
the pH dependence of the initial rates, suggesting that the initiating nu-
cleophile in the hydrolysis reaction is the terminal FeIII-OH ligand pre-
sent in 2. The formation of a complex-substrate intermediate is
proposed on the basis of the initial rates values vs. [2,4-bdnpp] proﬁle
(Fig. 6), which follows saturation kinetics, in agreement with the
Michaelis–Menten model. Thus, the rate-limiting step must involve
Fig. 8. Proposed mechanism for the hydrolysis of 2,4-bdnpp by 1.
Fig. 9. Proposed mechanism for the hydrolysis of 2,4-bdnpp by 2.
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intramolecular attack of the FeIII-bound hydroxo group on the phospho-
rus atom and concomitant release of 2,4-dinitrophenolate (2,4-dnp).
Even under conditions of excess substrate (diester), the kinetics show
the release of only 1 equivalent of 2,4-dnp for 3, which suggests the for-
mation of a stable {HgII(μ-PO3OR)FeIII(μ-Oph)2FeIII(H2O)HgII} complex.
3.9. Spontaneous CO2 ﬁxation by 2
As already described in this manuscript, the primary objective of
our study was to synthesize unsymmetrical heterodinuclear com-
pounds with a common {FeIII(μ-X)HgII} core (where X can be OH−
or OAc− exogenous ligands). Nevertheless the synthetic pathway, as
described for the preparation of 1, led to the formation of the tetra-
nuclear carbonate complex 3. We observed that, immediately after
ﬁnishing the synthesis of the FeIIIHgII complex in air, the solution
had a reddish-violet color which gradually became deep blue. After
allowing this solution to stand for 4 days with slow evaporation of
the solvent, deep blue crystals were collected and the structure of 3
was solved by X-ray crystallography (vide supra). The IR spectrum
in KBr phase also indicated the coordination of exogenous CO32− in
the molecule and since all the reagents were CO2 and CO32− free
(high purity) we attribute the CO2 ﬁxation and generation of the tet-
ranuclear carbonate complex 3 as a result of the reaction of 2with at-
mospheric carbon dioxide.
The stability of the tetranuclear unit in solutionwas evaluated under
the experimental conditions used in the synthesis of complex 3
(water/methanol 50% v/v) (Fig. S6). Firstly, a water/methanol 50% v/v
solution of 3 (pH~6.5) was monitored during 1 h and no spectral
change was observed, indicating that 3 is kinetically stable under
those experimental conditions. However, when complex 3was treated
with a HClO4 solution (pH=2.5), a signiﬁcant bathochromic shift
(33 nm) could be noted and we tentatively ascribe this behavior to
the protonation and loss of the μ-carbonato bridge. After following the
spectral behavior of this acid solution for 1 h, no further change was
detected. In order to elucidate the reversibility of the CO2 ﬁxation pro-
cess under basic conditions we examined qualitatively the reaction of
the tetranuclear (μ-carbonato) complex, in the presence of NaOH solu-
tion (pH=12.5), as indicated in Fig. 10. We observed that complex 3 is
converted to the complex 2, probably a {HgII(HO)FeIII(μ-Oph)2FeIII(OH)
HgII} tetranuclear unit, since the λmax (454 nm) of the ﬁnal spectrum
after 45 min is similar with that of the native complex under identical
experimental conditions. On the other hand, when CO2 is bubbled
through a freshly prepared solution of the Fe–Hg complex 2 in
water/methanol 50% v/v, immediately the carbonate complex 3
starts to form and after about 30 min the reaction is complete as
can be observed in the UV–vis spectral change in Fig. S7. The ﬁnal
spectrum is similar that of complex 3 dissolved under similar experi-
mental conditions.
Based on this qualitative information, we attempt to propose a
mechanism (Fig. 11) for the CO2 ﬁxation by complex 2 and the conse-
quent generation of complex 3. Thus, the reaction starts when com-
plex 2 is in methanol/water 50% v/v solution at pH~6.5 (synthetic
Fig. 10. Time-dependent changes in the electronic spectrum during the reaction of [(L)
HgIIFeIII(μ-CO3)FeIIIHgII(L)](ClO4)2 (3) generating complex 2 in aqueous/MeOH/NaOH
solution. The aqueous/methanolic 50% v/v solution of 3 (1.70×10−4 M) was layered
into 30 μL of NaOH in a quartz cell (1 cm length), and spectra were recorded with a
cycle time of 3 min. The ﬁnal pH was 12.5.
Fig. 11. Proposed qualitative mechanism for the CO2 ﬁxation by complex 2 generating complex 3.
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media). According to the potentiometric studies (vide supra), the
supposed active species {(HO)FeIII(μ-Oph)FeIII(OH2)} is predominant-
ly present at pH≅6.5,where each one of the FeIII centers has a cis oriented
nucleophile (hydroxo group) and a good leaving group (water mole-
cule), respectively. Thus, when the CO2 molecule associates with com-
plex 2 through substitution of the FeIII-bound water molecule, the
hydroxo group promotes an attack on the substrate and so the bridging
{FeIII(μ-CO3)FeIII} complex is formed. The complex containing this
structural unit was isolated (complex 3) and had its crystal structure
solved by the X-ray analysis.
4. Conclusions
We have synthesized and fully characterized the dinuclear
[FeIIICdII(L)(μ-OAc)2]ClO4·0.5H2O (1) and the unprecedented tetra-
nuclear [FeIII2HgII2(L)2(OH)2] (ClO4)2·2CH3OH (2) and [FeIIIHgII(L)
(μ-CO3)FeIIIHgII(L)](ClO4)2·H2O (3) mixed-valence complexes, with
the well known unsymmetrical ligand 2-bis[{(2-pyridyl-methyl)-
aminomethyl } - 6 - { (2 -hydroxy -benzyl ) - (2 -pyridyl -methy l )} -
aminomethyl]-4-methylphenol (H2L). While the complexes 1 and
2 show signiﬁcant catalytic activity in the hydrolysis of the model
substrate bis(2,4-dinitrophenyl) phosphate (2,4-bdnpp), complex
2 is also able to convert atmospheric CO2 into CO32− with recovery of
the catalyst under basic conditions (pH=12.5). Thus complex 2
shows both, hydrolase and carbonic anhydrase activities and can be
regarded as a man-made model for studying catalytic promiscuity.
Further studies aiming to optimize the CO2 conversion by 2 are un-
derway and will be the subject of future reports.
Abbreviations
2,4-bdnpp bis(2,4-dinitrophenyl) phosphate
2,4-dnpp 2,4-dinitrophenylphosphate
2,4-dnp 2,4-dinitrophenolate
bnpp bis(4-nitrophenyl) phosphate
bsPAP bovine spleen purple acid phosphatase
CA carbonic anhydrase
CAPS N-cyclohexyl-3-aminopropanesulfonic acid
CHES N-Cyclohexyl-2-aminoethanesulfonic acid
Fc ferrocene
FW formula weight
H2BPBPMP H2L-2-[N-bis(2-pyridylmethyl)aminomethyl]-6-[N-
(2-hydroxybenzyl)(2-pyridylmethyl)aminomethyl]-
4-methylphenol
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Kassoc association constant
kcat catalytic constant
KM Michaelis–Menten constant
H2BPClNOL N-(2-hydroxybenzyl)-N-(2-pyridylmethyl)
[(3-chloro)(2-hydroxy)]propylamine)
LMCT ligand-to-metal charge transfer
MeCN acetonitrile
MES 2-(N-morpholino)ethanesulfonic acid
n-Bu4NPF6 Tetrabutylammonium hexaﬂuorophosphate
NHE Normal hydrogen electrode
rkbPAP red kidney bean purple acid phosphatase
spPAP sweet potato purple acid phosphatase
Uf uteroferrin
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